Introduction {#sec1-1}
============

Hypertension is the most common cardiovascular disease with the highest epidemiological impact in the world and represents an important risk factor for developing other diseases such as endothelial dysfunction, metabolic syndrome, diabetes, renal dysfunction, congestive heart failure, coronary artery disease and stroke ([@ref1]). Drugs currently used to lower blood pressure have some adverse effects including orthostatic hypotension, hypercholestero-lemia, depression and impotency ([@ref2]). So, it is necessary to search for drugs derived from nature that are more potent but have fewer negative side effects.

Recently, herbal medicines are being used for the treatment of a variety of disorders including cardiovascular diseases because of their safety, efficacy, cultural acceptability and lesser side effects ([@ref3]).

Cardioprotective effects of *Citrus* spp. (Rutaceae) have been reported in several studies ([@ref4]). It has been reported that frequent *Citrus* fruit consumption significantly reduced cardiovascular disease incidence ([@ref5]). Moreover *Citrus* spp. could inhibit key molecules involved in the regulation of blood pressure and could decrease coronary vascular resistance and mean arterial pressure ([@ref6], [@ref7]).

Several mechanisms including improving lipid profile by decrease in the level of low density lipoprotein (LDL) and boosting high density lipoprotein (HDL) levels, antiinflammatory, antioxidant, anti-ischemic, antithrombotic and vasorelaxant effects are involved in cardioprotective activity of these plants ([@ref8], [@ref9]).

Auraptene (7-geranyloxycoumarin) is the most abundant prenyloxycoumarin which occurs in nature, particularly in the genus *Citrus* ([Figure 1](#F1){ref-type="fig"}). It has also been found in many plants belonging to members of the *Citrus* genus such as orange, grapefruit, mandarin etc. ([@ref10]).

![The chemical structure of auraptene](IJBMS-18-153-g001){#F1}

Auraptene possesses valuable pharmacological properties including potent cancer chemopreven-tive, antibacterial, antiprotozoal, antifungal, anti-genotoxic, antiinflammatory, antioxidant, immuno-modulatory, hepatoprotective, and neuroprotective effects ([@ref11]-[@ref13]).

There are a few reports regarding the protective effects of auraptene on the cardiovascular system. The relaxatory effects on the smooth muscle cells ([@ref14]) as well as the inhibition of spontaneous heartbeat induced by calcium have been reported ([@ref15]). Although it was indicated that auraptene had moderate hypotensive activity in our previous study ([@ref16]), there has not been any study about the effect of auraptene on blood pressure of hypertensive rats upon chronic administration. Thus, the aim of the present study was to evaluate the effects of chronic administration of auraptene on blood pressure of normotensive and desoxycorticosterone acetate (DOCA) salt induced hypertensive rats, to explore whether long-term dietary supplementation with this phytochemical is of any benefit in terms of mono or adjunctive therapy for the management of hypertension. Furthermore as many *Citrus* plants esp. peels are used in Iranian folk medicine as hypotensive, in which this research would support that.

Materials and Methods {#sec1-2}
=====================

Animals and chemicals {#sec2-1}
---------------------

Adult male Wistar rats (weight 250--300 g) were provided by animal center (School of Pharmacy, Mashhad University of Medical Sciences). They were maintained on a 12 hr light/dark cycle and at a temperature of 23 ± 1°C with free access to food and water. These conditions were maintained constant throughout the experiments. The experiments were performed under the Animals (scientific procedures) Act of 1986 and conform to the National Institutes of Health guidelines for the use of experimental animals. All animal experiments were carried out in accordance to Mashhad University of Medical Sciences, Ethical Committee Acts (Number of verification: 910166, the date of approval: 5/7/2012). Nifedipine (as positive control) and DOCA were obtained from Zahravi and Iran Hormone (Tehran, Iran). Auraptene and nifedipine were dissolved in a solvent mixture comprising dimethylsulfoxide and normal saline (1:3).

Preparation of auraptene {#sec2-2}
------------------------

Auraptene (7-geranyloxycoumarin) was synthesized based on a previously described method ([@ref17]). Briefly, 7-hydroxycoumarin and *trans*-geranyl bromide were reacted in acetone at room temperature, in the presence of DBU (1,8-diazabicyclo \[5.4.0\] undec-7-ene). Auraptene was purified from the concentrated reaction mixture as white crystals using column chromatography (petroleum ether/ethyl acetate 9:1 v/v) and its structure was confirmed by ^1^H- and ^13^C-NMR. The purity of auraptene was calculated using HPLC as 95%.

Induction of experimental hypertension {#sec2-3}
--------------------------------------

DOCA salt (20 mg/kg, twice weekly, for 3 weeks, SC) and NaCl (1%) in rat's drinking water were used for induction of hypertension ([@ref18]). Rats were randomly divided into 15 groups: 1) Saline injected (0.5 ml/kg, twice weekly, SC for 3 weeks), this treatment was continued for another five weeks, 2) DOCA salt (20 mg/kg, twice weekly, for 3 weeks, SC), DOCA treatment was continued by IP injection of solvent (normal saline/DMSO, 1:3) for another five weeks, 3, 4, 5 and 6) (DOCA)-salt (20 mg/kg, twice weekly, for 3 weeks, SC), DOCA treatment was continued by IP injection of 2, 4, 8 and 16 mg/kg/day auraptene for another five weeks, 7, 8, 9, 10 and 11) (DOCA)-salt (20 mg/kg, twice weekly, for 3 weeks, SC), DOCA treatment was continued by IP injection of 0/25, 0/5,1, 2 and 4 mg/kg/day nifedipine for another five weeks. All groups consisted of six rats. [Table 1](#T1){ref-type="table"} describes the different groups which were selected in this study.

###### 

Summary of drug administration in different groups

  Groups             DOCA (8 weeks)   Normal saline (8 weeks)   Normal saline plus DMSO (1:3) (4 ^th^ to 8 ^th^ weeks)   Auraptene (4 ^th^ to 8 ^th^ weeks)   Nifedipine (4 ^th^ to 8 ^th^ weeks)
  ------------------ ---------------- ------------------------- -------------------------------------------------------- ------------------------------------ -------------------------------------
  1                                   \*                                                                                                                      
  2                  \*                                         \*                                                                                            
  3,4,5 and 6        \*                                                                                                  \*                                   
  7,8,9, 10 and 11   \*                                                                                                                                       \*

DOCA: Desoxycorticosterone acetate

Blood pressure measurement {#sec2-4}
--------------------------

After saline or DOCA treatment, SBP was measured every week using tail cuff method in all groups as described by Lorenz (2002) ([@ref19]). Briefly, three days before the last treatment, the training of rats in different groups for indirect SBP measurements was started. This training consisted of the regular handling of the animals and getting used to the restraining cage and the tail-cuff. Rats were heated for approximately 15 min at 30-32°C to increase blood flow to the tail. After that, animals were placed in small restraining cages with a cuff around the end of proximal of the tail. After placing of the cuff, a pulse transducer was used around the end of the tail. Then the tail cuff was inflated using the related button on the NIBP (Non-Invasive Blood Pressure) controller apparatus and Acquisition data were performed by a computerized system Power Lab (ADInstruments, v 5.4.2). The mean values of five BPs and HRs readings were used for each animal.

Statistical analysis {#sec2-5}
--------------------

All results are expressed as mean±SEM. ANOVA Tukey Kramer tests were then performed to compare means. The software Pharm-PCS, was used to calculate of ED~50~ values. *P*-values less than 0.05 were considered as significant.

Results {#sec1-3}
=======

Effect of DOCA on SBP {#sec2-6}
---------------------

In DOCA treated rats, MSBP significantly increased in comparison with normal saline treated (normotensive) rats (*P* \< 0.001) ([Figure 2](#F2){ref-type="fig"}).

![Hypertension induced by desoxycorticosterone acetate (DOCA) salt after 3 weeks. Each value is the mean± SEM of six experiments, \*\*\* *P* \< 0.001 vs normal saline treated rats. One way ANOVA, Tukey Krumer test](IJBMS-18-153-g002){#F2}

Effects of chronic administration of auraptene and nifedipine on MSBP and MHR {#sec2-7}
-----------------------------------------------------------------------------

As shown in Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, the results of SBP measurement at the end of four and eight weeks, showed that auraptene (2, 4, 8 and 16 mg/kg) and nifedipine (0.25, 0.5,1, 2 and 4 mg/kg) reduced the MSBP in DOCA salt treated animals, dose dependently. Moreover, the antihypertensive effects of auraptene and nifedipine were observed at the end of 5, 6 and 7 weeks (the results was not shown). The ED~50~ values showed that the hypotensive effect of auraptene was less than nifedipine. In addition, data demonstrated that auraptene and nifedipine (at the mentioned doses) did not reduce SBP in normotensive (normal saline treated) rats ([Table 2](#T2){ref-type="table"}). The results of mean heart rate (MHR) measurement in various doses of auraptene and nifedipine at the end of four to eight weeks showed that the increase in mean heart rate was not significant in comparison with DOCA treated rats. Time dependency of the antihypertensive effects of the highest doses of auraptene and nifedipine were shown in [Figure 5](#F5){ref-type="fig"}. The increase of antihypertensive effect of auraptene and nifedipine was significant during time.

![Mean systolic blood pressure (MSBP) in response to various doses of auraptene and nifedipine in normotensive and hypertensive rats at the end of four weeks. Each value is the mean±SEM of six experiments. One-way ANOVA, Tukey Kramer, \**P*\<0.05 and \*\*\**P*\<0.001 vs DOCA plus solvent treated rats, ^\#\#\#^*P*\<0.001 vs normal saline treated rats\
DOCA: Desoxycorticosterone acetate](IJBMS-18-153-g003){#F3}

![Mean systolic blood pressure (MSBP) in response to various doses of auraptene and nifedipine in normotensive and hypertensive rats at the end of eight weeks. Each value is the mean ± SEM of six experiments. One-way ANOVA, Tukey Kramer, \*\*\**P*\<0.001 vs DOCA plus solvent treated rats, ^\#\#\#^*P*\<0.001 vs normal saline treated rats\
DOCA: Desoxycorticosterone acetate](IJBMS-18-153-g004){#F4}

###### 

The ED~50~ values of auraptene and nifedipine

               ED~50~ (mg/kg)(Nifedipine)   ED~50~ (mg/kg)(Auraptene)
  ------------ ---------------------------- -----------------------------
  4^th^ week   4.65(95%CI = 3.62-5.98)      120.45(95%CI =72.27-225.64)
  5^th^ week   2.61(95%CI = 2.12-3.2)       44.37(95%CI = 37.23-67.29)
  6^th^ week   1.67(95%CI = 1.4-1.98)       17.47(95%CI = 13.22-23.09)
  7^th^ week   1.12(95%CI = 0.69-1.81)      9.76(95%CI = 7.76-12.28)
  8^th^ week   0.70(95%CI = 0.60-0.83)      5.65(95%CI = 4.78-6.68)

CI: Confidence Interval

![Time dependency of the antihypertensive effects of the highest doses of auraptene and nifedipine. Each value is the mean ± SEM of six experiments. Repeated measure, \*\*\*P\< 0.001vs DOCA plus normal saline treated rats\
DOCA: Desoxycorticosterone acetate](IJBMS-18-153-g005){#F5}

Discussion {#sec1-4}
==========

In this study the chronic effect of auraptene on MSBP and MHR in DOCA salt treated rats was evaluated. DOCA salt significantly induced hypertension in comparison with saline group at the end of 3 weeks treatment. Chronic administration of auraptene and nifedipine (positive control) reduced the increase of MSBP induced by DOCA, but this hypotensive effect was not observed in normotensive rats. Our results also showed that antihypertensive effect of auraptene as well as nifedipine were dose and time dependently.

Recently, there has been increasing interest in the potential human health benefits of natural compounds ([@ref3]). The genus *Citrus* is one of the most potential cardioprotective plants because of their various bioactive components including antioxidant vitamins, minerals, flavonoids and phenolic compounds ([@ref4], [@ref14]). In folklore, it was reported that *Citrus paradisi* Macfad. (grapefruit) consumption was generally used for the treatment of hypertension. The results of a study showed that *C. paradisi* peel extract decreased coronary vascular resistance and mean arterial pressure as compared with control. The coronary vasodilatory effect of *C. paradisi* was considered to be NO-dependent and the effect was blocked by L-NAME. Moreover, *C. paradisi* juice decreased diastolic and systolic arterial pressure both in normotensive and hypertensive human. A greater decrease in mean arterial pressure was observed with *Citrus paradisi* juice as comparison with *Citrus sinensis* Osbeck juice, cow milk and a vitamin C-supplemented beverage ([@ref7]). Another study revealed that an aqueous extract of *Citrus limetta* Risso (sweet lemon) leaves reduced both systolic and diastolic blood pressure significantly, possibly due to the inhibition of angiotensin II ([@ref6]). Furthermore, high flavonoid juice of sweetie fruit (a hybrid between grapefruit and pummel) was found to have a major beneficial effect in reducing diastolic blood pressure, in comparison with low flavonoid sweetie juice, in patients with stage I hypertension. Flavonoids naringin and narirutin were considered as active ingredients associated with the antihypertensive effect of sweetie juice ([@ref20]).

In addition to the various phytonutrients and bioflavonoids which exist in *Citrus* spp., auraptene is of a special importance as it is mainly found in *Citrus* fruits. Auraptene, known as 7-geranyloxycoumarin, was first isolated in the 1930s by Komatsu *et al* (1930) ([@ref21]). It is the most abundant naturally occurring prenyloxycoumarin.

Recent reports showed that auraptene possessed valuable pharmacological activities, including neuroprotective, antioxidant, antigenotoxic, anti-inflammatory, antibacterial, and anti-cancer properties ([@ref11]-[@ref13]). Auraptene has been also reported to have cardioprotective effects ([@ref12], [@ref22]). The results of a study showed that auraptene administration alleviated obesity and hepatic triglyceride accumulation partly due to the enhancement lipolysis in the livers of obese rats ([@ref23]). Smooth muscle relaxant effects of auraptene and its analogues against some spasmogens including barium ion, acetylcholine and histamine, have been reported in another study ([@ref14]). In our previous study a dose-dependent hypotensive effect was observed following auraptene injection. The mean arterial blood pressure (MABP) lowering effect of auraptene was found to be significantly lower than that of nifedipine ([@ref16]). DOCA salt is a compound routinely used to induce hypertension in experimental animals ([@ref18]). In the present study, DOCA salt significantly induced hypertension in comparison with saline group at the end of 3 weeks treatment.

There is evidence indicating that auraptene inhibits the spontaneous heart beating of cultured mouse myocardial cells via calcium channel antagonist activity which is comparable with that of verapamil ([@ref15]). Moreover, it has been reported that hesperidin and rutin, two flavonoids present in *Citrus* peels, have hypotensive effects due to the suppression of NADPH oxidase, increase in NO bioavailability and alleviation of endothelial dysfunction. Decrease in calcium influx and induction of NO together with vasorelaxation effect have been also observed ([@ref24]-[@ref27]). Considering the evidence, it might be concluded that hypotensive effect of auraptene in chronic treatment is related to the blocking of calcium channel or inhibition of sarcoplasmic reticulum calcium release into cytosol. Other mechanisms such as direct vasodilatory effect of auraptene and NO mediated relaxation might be involved in antihypertensive effect of auraptene.

The results of mean heart rate measurement in various doses of auraptene and nifedipine at the end of four to eight weeks showed that the increase in MHR was not significant in comparison with DOCA treated rats. Reflex tachycardia induced by auraptene and nifedipine might be suppressed due to the direct inhibitory effects of auraptene and nifedipine on cardiac muscles.

Conclusion {#sec1-5}
==========

In summary, our results indicated that chronic administration of auraptene could reduce the MSBP in DOCA salt treated rats in a dose and time dependent manner. Although the hypotensive effect of auraptene was less than nifedipine, the current study suggested that long-term dietary supplementation with auraptene would be beneficial in terms of mono- or adjunctive therapy for the management of hypertension.
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